In this paper, high density polyethylene (HDPE) filled with bronze powder was blended with chemical metamerism polyolefin (CMP), which is an adhesive resin, to examine the blending effect of the CMP on the tribological characteristics. As a result, the wear rate was reduced, and the geometrical shape effect of the filled bronze powder appeared. The wear rate was further reduced as the shape index of the bronze powder increased. When the bronze powder filled HDPE was blended with CMP at a blending ratio of 5 wt%, its wear rate was lowest and its velocity resistance was best. The coefficient of friction of the HDPE and that of the bronze powder filled HDPE were both increased to some extent by blending them with the CMP.
INTRODUCTION
In a previous paper, in order to enhance the tribological characteristics of the polymer sliding members, polyoxymethylene (POM), high density polyethylene (HDPE) and polytetrafluoroethylene (PTFE) were each blended with bronze powder and their filler effects examined III. As a result, a certain filler effect was achieved from all of those polymer matrices blended with bronze powder, and their wear rates were actually reduced to less than half of their respective unfilled polymers. On the other hand, however, in the case of the HDPE and PTFE blended with bronze powder, a geometrical shape effect on the wear rate could not be achieved as expected. The reason for this is that both the HDPE and the PTFE are low in mechanical strength, and hence it is difficult for such matrices to hold the filler stable at a constant position all the time. Another reason is considered to be that the non-polar property of both the HDPE and the PTFE results in poor adhesiveness between the matrices and the filler. 
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tribological characteristics of the polymer sliding members has not been examined in detail to date.
In this study, in order to enhance the adhesiveness between matrix and filler, CMP, effective in the enhancement of the adhesiveness between heterogeneous materials, was added to the bronze powder filled HDPE in an attempt to improve the bronze powder-holding capacity of polymer and the geometrical shape effect of filler with respect to the tribological characteristics of the bronze powder filled HDPE.
EXPERIMENTAL DETAILS

Specimens
The matrix used in the experimental is HDPE (J-Rex HD, SS5003B). In order to examine the shape effect of the filler with respect to its tribological characteristics, bronze powders (Br, 90wt% Cu and 10wt% Sn, hardness HV 115) of both spherical particle and waterdroplike particle were used. Their shape indices (SI, ratio of the major axis to minor axis) are 1.1
for the spherical particle and 1.8 for the waterdroplike particle. Moreover, the grain sizes selected fall within a range of from 38 to 53 μιη in which shape variations are slight, and the filler content was all taken uniformly to 20wt%. CMP (Admer NR106) which is maleic anhydride grafted low density polyethylene (MAH-g-LDPE) was also used to enhance the adhesiveness between the matrix and the filler. The amounts of blended CMP were 5wt%, 15wt%, 35wt% and 80wt%, respectively. Further 10 types of specimens including unfilled polymers were prepared as shown in Table 1 .
Specimens were molded to a tubular shape by an extruder, and subsequently they were machined to a size of 25 mm outer diameter, 19 mm inner diameter and 30 mm height by a lathe. The frictional surfaces of the specimens were finally finished with a 1200 grade emery paper attached to the slider immediately before the experiment, and were then cleaned using a hand blow off duster.
Apparatus and Experimental Procedure
A thrust washer type testing apparatus, in which the end surface of the tubular specimen is rubbed with a slider (counter body), was employed for the friction and Note : SI is shape index, ratio of the major axis to minor axis.
wear tests as shown in Figure 1 
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velocity resistance of the CMP is also enhanced by being blended with bronze powder. Further, the wear rate of the bronze powder filled CMP decreases by less than 1/5 when compared with that of the unfilled CMP.
The wear rate varies with the shape of the bronze powder, and the wear rate with a shape index of 1.8 is less than that with a shape index of 1.1. The above correlation proves the geometrical shape effect of bronze powder on the bronze powder filled CMP.
The relationship between the wear rate and the sliding velocity for the unfilled and the bronze powder filled HDPE plus 15wt% CMP is shown in Figure 3 . Figure 7 shows the optical micrographs of the frictional surfaces of the bronze powder filled HDPE, CMP, and HDPE plus 5wt% CMP. 8) , where the frictional surface of matrix HDPE has no distinctive unevenness, but many thin scratches, and the wear debris which looks to be thinly spread adheres at places to the frictional surface of the HDPE. Much of the bronze powder is sunken in the matrix HDPE or inclined in the frictional direction, while wear debris can be observed to occupy places where the sunken bronze powder has been present. Figure 7 (b) is a micrograph of the frictional surface of the CMP plus Br (1.8) , where the frictional surface of matrix CMP is transformed so as to be drawn in the frictional direction, and is rough. Some bronze powder is laid down or drawn in the frictional direction so that a number of bronze powder lumps cluster in one place. In general, particulate filler in a polymer based composite bears mainly the load applied to the frictional surface, and plays a role in reducing the wear rate 111. This load bearing action of the particulate filler is affected by the filler holding capability of the matrix and the geometrical shape effect of the filler. The load bearing capacity can be represented with the maximum stress a, of the following expression /!/. That is, σ ( = 2 τ" I -] + a c (1) where t u is the shear strength in the interface between the polymer and the particulate filler, and σ 0 is the compressive stress of the polymer during the strain for the shearing fracture in the interface between the polymer and the particulate filler. Further, it was assumed that the particulate filler has a geometrical shape simplified (a) HDPE+Br (1. 8)
Coefficient of Friction
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into a cylinder with a radius of r and height of t and located perpendicularly to the frictional surface.
We theoretically analyzed the maximum stress σ, . Wp-Wb dw =--xlOO Wp (2) where Wp is the wear rate of the polymer at a sliding velocity of 0.6 m/s, Wb is the wear rate of the bronze powder filled polymer. As is clear from Table 2 , if the matrix used is the HDPE, its wear decrement is greater than that of the LDPE. We consider that the reason for this is that since the mechanical strength of the HDPE is greater than that of the LDPE as shown in Table 3 CMP is used, its wear decrement becomes extremely great, as is clear from Table 2 . The reason for this is that the load bearing capacity of the filled bronze powder is enhanced by the CMP which is adhesive resin. Further, as is clear from Figure 2 , the geometrical shape effect of the bronze powder distinctly appears.
Next, an attempt is made to examine the blending effect of the CMP on the wear of the HDPE. Comparing Table 2 Wear decrement (dw) of filled polymer for different unfilled polymers CMP is further blended with bronze powder, its wear rate lowers as Figure 3 shows. Since the adhesiveness between the bronze powder and the matrix has been improved by the CMP, the geometrical shape effect of Atsushi Saito et al.
the bronze powder also appears conspicuously.
Furthermore, when the bronze powder filled HDPE is blended with the CMP at a blending ratio of 5wt%, the wear rate drops lower than that obtained when the matrix is not blended with the CMP. This phenomenon can also be recognized from the micrograph of the frictional surface of the specimen as shown in Figure 7 .
In the HDPE plus Br(1.8), the bronze powder is buried under the frictional surface or inclined in the frictional direction, whereas in the HDPE plus 5wt% CMP plus Br(1.8) such a phenomenon does not occur, thereby proving the improvement of the load bearing capacity.
The influence of the CMP on the frictional behavior of the bronze powder filled HDPE is examined. As in friction and wear. We intend to examine these matters further as the subject of a future study.
CONCLUSION
The following conclusions can be drawn:
1) When CMP is tilled with bronze powder, the wear rate is reduced to less than about 1/5, the geometrical shape effect of bronze powder appears distinctly, and the bronze powder with its greater shape index reduces the wear rate significantly.
2) When bronze powder filled HDPE is blended with CMP at a blending ratio of 15wt%, the wear rate is reduced to about 1/3, and the bronze powder with its greater shape index reduces the wear rate significantly. It is considered that the reason for this is that blending the bronze powder filled HDPE with the CMP causes the adhesiveness between the matrix and the filler to be enhanced, with a resulting improvement in the load bearing capacity and geometrical shape effect of the bronze powder.
3) In the HDPE filled with bronze powder having a shape index of 1.8 and blended with CMP, the wear rate becomes the lowest and the velocity resistance becomes the best when the blending ratio of CMP is 5wt%, indicating that the filling effect of the bronze powder is enhanced by blending the HDPE with the CMP.
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The 4) The coefficient of friction of CMP is not varied by filling the CMP with bronze powder. Further, both the coefficient of friction of HDPE alone and that of bronze powder filled HDPE increase to some extent.
APPENDIX
Method for Calculating the Coefficient of Friction
Letting Ρ be the normal load applied to the surface of the specimen, Τ the torque applied to the surface of the specimen, and μ the coefficient of friction, the value of Ρ and that of Τ are derived from the following two expressions by using Figure 11 , respectively. Vol. 8, No. 2, 1999 The
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Accordingly, the value of μ is represented as follows:
3(Γ2 2 -ri 2 )T β = (5) 4(rs 3 -η )P where ρ is the contact pressure and r, and r 2 are the inner and outer diameters of the tubular specimen.
Moreover, the strain gauge built in the dynamometer was used to detect the strain (S T ) and then Τ was obtained from the calibration expression of Τ and S T .
